Well-differentiated small intestinal neuroendocrine tumors are rare malignancies. They arise from enterochromaffin cells and very little is known about differential microRNA (miRNA) expression. The aim of this study was to identify the miRNA profile of well-differentiated small intestinal neuroendocrine tumors, which may have a critical role in tumor development, progression and potentially develop miRNAs as novel clinical biomarkers. Specimens from two test groups, 24 small intestinal neuroendocrine tumor specimens at different stages of malignancy, are included in this study. Total RNA from the first test group, five primary tumors, five mesentery metastases and five liver metastases was hybridized onto the Affymetrix Genechip miRNA arrays to perform a genome-wide profile. The results were validated by using quantitative real-time PCR (QRT-PCR) and northern blot analyses. We then expanded the investigation to laser capture microdissected small intestinal neuroendocrine tumor cells and immuno-laser capture microdissected normal enterochromaffin cells of the first test group. Furthermore, a second test group, three primary tumors, three mesentery metastases and three liver metastases, was included in the study. Thus, two independent test groups validated the data by QRT-PCR. Moreover, we characterized nine miRNAs, five (miR-96, -182, -183, -196a and -200a), which are upregulated during tumor progression, whereas four (miR-31, -129-5p, -133a and -215) are downregulated. Several online software programs were used to predict potential miRNA target genes to map a number of putative target genes for the aberrantly regulated miRNAs, through an advanced and novel bioinformatics analysis. Our findings provide information about pivotal miRNAs, which may lead to further insights into tumorigenesis, progression mechanisms and novel therapeutic targets recognition.
Small intestinal neuroendocrine carcinomas arise from neuroendocrine cells. They are classified according to differentiation status and tumor cell type, and some of them are designated as well-differentiated small intestinal neuroendocrine tumors according to the WHO classification, 2010. 1, 2 The human neuroendocrine cells are part of the diffuse endocrine cell system. They are either confined to certain organs, such as thyroid, pancreas or adrenals, or dispersed throughout the body mainly in the respiratory tract and in the intestinal mucosa. The cells can accumulate precursor molecules, which are stored and then processed into hormones or amines. The hormones and amines are released on stimulation either to the blood stream or to adjacent cells or neurons. Furthermore, in the intestinal tract mucosa they can be released into the intestinal lumen. However, the release is always tightly controlled, as peptides and amines regulate a variety of processes, such as gastrointestinal secretion, motility and blood pressure in the human body. 3, 4 The largest group of neuroendocrine tumors is the gastroenteropancreatic neuroendocrine tumors followed by lung neuroendocrine tumors. The small intestinal neuroendocrine tumors belong to gastroenteropancreatic neuroendocrine tumors and arise from enterochromaffin cells, which are neuroendocrine cells disseminated throughout the gastrointestinal tract. The majority of the small intestinal neuroendocrine tumor patients get diagnosis when they have already developed metastatic malignancies and no curative treatment is currently available. 5, 6 However, tumor biology has shown recent advancement in small intestinal neuroendocrine tumors' immunotherapy and virotherapy [7] [8] [9] [10] in combination with more recent findings to detect novel small intestinal neuroendocrine tumor biomarkers. 11, 12 Over the past decade, a variety of gene regulatory mechanisms, which are controlled by a large class of non-coding gene, have been unveiled. They transcribe small RNAs known as microRNAs (miRNA), which are mostly transcribed from intragenic or intergenic regions. The primary transcript undergoes further processing by two pivotal ribonucleases in the nucleus, resulting in a hairpin intermediate of about 70-100 nucleotides (nt), called pre-miRNA, which is exported to the cytoplasm. The pre-miRNA is then processed and reduced into a mature doublestranded RNA of 18-25 nt by a different ribonuclease. The double-stranded RNA contains the guide strand and the passenger strand. After the strands separate, the guide strand will be incorporated into an RNA-induced silencing complex (RISC), whereas the passenger strand is degraded. The mature strand is pivotal for target recognition and incorporation of the specific target mRNA into the RISC. 13 MiRNAs function as repressor of eukaryotic gene regulation by binding to the 3 0 -untranslated regions of target mRNAs. The binding triggers cleavage or translational inhibition of the mRNA, depending on the degree of complementarities. 14, 15 Several hundred miRNAs are present in mammals and regulate the expression of many genes. Indeed, each miRNA is potentially able to target a large number of genes, which are involved in different cellular mechanisms, such as cell proliferation, apoptosis, differentiation, viral infection and tumorigenesis. 16, 17 Many studies have previously revealed that malignant tissues in cancer patients exhibit distinctive miRNA expression signatures. 18 Moreover, genomewide profiling showed that these signatures discriminate different types of cancer with a high degree of accuracy. However, miRNA profiles can sometimes mislead cancer type distinction. 13 Despite the advances in understanding the mechanisms, which cause miRNA aberrant regulation, the most challenging task is to elucidate the biological role of miRNAs in cancer initiation and development. 17 A growing number of potential oncogenic and suppressor miRNAs have been identified, which support the use of specific miRNA signatures to predict clinical outcome of lung neuroendocrine tumors [19] [20] [21] and more recently of small intestinal neuroendocrine tumors. 22 Although the recent findings have been enhanced by an animal model result, 23 very little has been elucidated about human small intestinal neuroendocrine tumors' differential gene and miRNA expression. 22 To address this challenge, we performed miRNA profiling with Affymetrix GeneChip miRNA arrays of small intestinal neuroendocrine tumors at different stages of disease. Furthermore, miRNA analysis was extended to laser capture microdissected normal enterochromaffin cells and tumor cells to improve the specific miRNA cellular expression data. Moreover, bioinformatics analysis and advanced molecular biology methods were used to identify specifically and differentially expressed miRNAs, which may be developed as novel biomarkers and therapeutic molecular targets.
Materials and methods

Tissue Samples
Two independent test groups of 24 snap-frozen specimens are denoted by numbers. The first group includes 15 specimens (1-15), whereas the second one includes 9 specimens (16) (17) (18) (19) (20) (21) (22) (23) (24) . Tissue blocks are from patients, with a histopathologically confirmed diagnosis of small intestinal neuroendocrine tumors at different stages of disease (eight primary tumors, eight mesentery metastases and eight liver metastases). Patients' information is summarized in Table 1 . Permission to collect carcinoma specimens was approved by the regional Ethical Committee at the Uppsala University Hospital (Dnr 2011/426).
RNA Extraction
Total RNA was isolated from tissue specimens, by using mirVana miRNA Isolation Kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions, and total RNA from immuno-laser capture microdissected normal enterochromaffin cells is a generous gift by the RV Lloyd group, as described previously. 12 RNAqueous Micro Kit (Life Technologies) was used to prepare total RNA from microdissected cells. RNA quality and quantity was verified by using the RNA 6000 Nano Kit/RNA 6000 Pico Kit and the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). Agilent Small RNA Kit was used to verify miRNA quality and quantity by using Agilent 2100 Bioanalyzer (Agilent Technologies).
MicroRNA Arrays' Data Analysis and Data Mining
About 1 mg of total RNA from small intestinal neuroendocrine tumor snap-frozen specimens described above was sent to the Bioinformatics and Expression Analysis (BEA) core facility (Karolinska Institute, Huddinge, Sweden). Total RNA was hybridized onto the Affymetrix GeneChip miRNA 1.0 Array (Affymetrix, Santa Clara, CA, USA) and processed according to Affymetrix technical protocols. Scanned images of microarray chips were analyzed by Affymetrix miRNA QC Tool (Affymetrix). The raw data have been normalized by using a quantile algorithm. Expression levels in the different tissues have been compared by using two-sided unpaired Student's t-test, and false discovery rates (q-values) were estimated by q-value package in R (www. r-project.org). The hierarchical clustering was performed by using the MeV software (www.tm4.org). 24 Differentially expressed miRNAs were identified by calculating fold change of either mesentery metastasis group versus primary carcinoma group or liver metastasis group versus primary tumor group. The hierarchical clustering algorithm has been applied to the group of miRNAs from the 15 tumor samples according to similarities in expression, which have been clustered according to Pearson's correlation distance. The results from the miRNA array analysis have been deposited to the National Center for Biotechnology Information (NCBI)'s GEO (accession number: GSE33568) and the European Bioinformatics Institute (EBI)'s Array Express (accession number: E-MTAB-862).
QRT-PCR
In all, 1 mg of total RNA from small intestinal neuroendocrine tumor snap-frozen specimens and 1 ng of total RNA from laser capture microdissected cells were reverse transcribed and converted to cDNA by QuantiMir RT Kit (System Biosciences, Mount View, CA, USA) according to the manufacturer's instructions. The cDNAs were used to analyze miRNA expression, by using primers described in Supplementary Table 1 . MiR-31, -129-5p, -133a, -182, -183, -196a, -200a and -215 expression was measured by using Stratagene Mx3005P real-time PCR System (Agilent Technologies) and Brilliant SYBR Green QPCR Master Mix (Agilent Technologies). The 2 À DDCT method 25 evaluated the data by using RNU48 (a small nucleolar RNA) set to 1 as endogenous control.
Northern Blot Analysis
Northern blot analysis was performed using mirVana miRNA Detection Kit (Applied Biosystems), which is hybridization-based solution to analyze miRNA expression, according to the manufacturer's instructions. Total RNA (5 mg) from snap-frozen small intestinal neuroendocrine tumor specimens of primary tumors, mesentery metastases and liver metastases were incubated with a 32 P-labeled RNA probe (Perkin-Elmer, Boston, MA, USA) followed by RNase digestion. The radioisotope-labeled RNA fragment were prepared by using mirVana miRNA Probe Construction Kit (Applied Biosystems) according to the manufacturer's instructions. The following probes were used: miR-31
. The radiolabeled RNA samples were analyzed on 15% TBE-Urea gels (Bio-Rad, Hercules, CA, USA) and detected by Fuji radiography film (Fujifilm, Tokyo, Japan). The developed radiography films of Northern blot analyses were scanned for the semiquantitative analysis using the Molecular Imager Chemidoc XRS þ System (Bio-Rad) and the Image Lab Software (Bio-Rad).
Immuno-Laser Capture Microdissection of Normal Enterochromaffin Cells
Laser capture microdissection was combined with immunocytochemical staining with specific antibodies to identify endocrine cells associated with the small intestinal crypts. Snap-frozen specimens from normal ileum mucosa were cut in 10 mm sections by a microtome cryostat (Leica, Wetzlar, Germany) and adhered on uncharged glass slides and cells with a positive immunostaining signal cells were isolated as described previously. 12, 26 The slides were incubated with anti-human chromogranin A (CgA) antibody (1:100; Dako, Santa Barbara, CA, USA), washed and incubated with a secondary horseradish peroxidase-conjugated antibody, washed and counterstained with hematoxylin. All steps were performed at the minimum time required and in the presence of RNase inhibitor (Life Technologies). We have previously verified that the CgA antibody can be combined with laser capture microdissection, as shown by Leja et al. 12 Enterochromaffin cells are located in the crypts within the ileum and we estimate that one endocrine cell and three to four non-endocrine cells were captured with each laser treatment, that is, approximately 25% of the captured cells are endocrine and the majority of them are enterochromaffin cells. 12 Immunostained cells were isolated using a PixCell II LCM system (Arcturus Bioscience, Mount View, CA, USA).
Laser Capture Microdissection of Neuroendocrine Tumor Cells
Nine specimens (three primary tumors, three mesentery metastases and three liver metastases) from the first test group, and nine specimens (three primary tumors, three mesentery metastases and three liver metastases) from the second test group were used to perform laser capture microdissection of small intestinal neuroendocrine tumor cells. The snap-frozen specimens were cut in 10 mm sections by a microtome cryostat (Leica) and adhered to polyethylene-naphtalate membrane frame slides (Life Technologies). Stromal cells from primary tumor blocks and tumor cells from primary tumors, and mesentery and liver metastatic cells were isolated by Arcturus XT Microdissection System (Life Technologies) according to the manufacturer's instructions.
Prediction of MicroRNA Targets
Several online software programs were used to investigate the predicted target genes, such as DIANA LAB (http://diana.cslab.ece.ntua.gr/), PicTar (http://pictar. mdc-berlin.de/), miRDB (http://mirdb.org/miRDB/) and TargetScan (http://www.targetscan.org/). Potential miRNA target genes were predicted by using the online software programs mentioned above in combination with the published small intestinal neuroendocrine tumor microarray profiling data published by our group. 12 The main principles of miRNA target prediction are from the conserved sites that match the seed region of each miRNA. 27 The biological functions of the potential miRNA targets were further predicted by using Ensembl (http://www.ensembl.org/) gene ontology information.
Statistical Analysis
All experiments were performed in triplicate. The statistical significance of the difference between two groups was evaluated either by one-way ANOVA followed by Bonferroni test or by twotailed unpaired Student's t-test using GraphPad Prism 5 (GraphPad Software, La Jolla CA, USA); P-valueo0.05 is considered significant.
Results
Cluster Analysis Reveals 33 Differentially Expressed miRNAs in Small Intestinal Neuroendocrine Tumors at Different Stage of Disease
We profiled five primary tumors (P1-5), five mesentery metastases (M1-5) and five liver metastases (L1-5) by using Affymetrix miRNA arrays. We first interpreted the raw data and created a cluster dendrogram of miRNA expression profiles from small intestinal neuroendocrine tumor specimens at different stages of disease. We then filtered the genomewide Affymetrix miRNA array analysis to restrict 33 differentially expressed miRNAs in mesentery metastases versus primary tumors. In addition, we filtered the same number of differentially expressed miRNAs in liver metastases versus primary tumors. Figure 1a shows that 15 miRNAs are upregulated, whereas 18 are downregulated. Moreover, the 33 miRNAs are differentially expressed in the two different metastatic stages. Furthermore, a specific absolute variance is clearly evident in the results of Figure 1a . Indeed, 14 out of 15 upregulated miRNAs increased more in the liver metastases than in the mesentery metastases compared to the primary tumors with the unique exclusion of miR-148a. Figure 1a shows the 15 upregulated miRNA (yellow bars), whereas the 18 downregulated miRNAs are shown by blue bars. Nine miRNAs, which have been chosen for further validation, are indicated by a red asterisk. Primary tumors cluster together differently from the metastatic ones. Thus, 9 out of 10 metastatic samples are distant from the primary tumors and cluster together, as shown by the blue triangle in Figure 1b . However, M2 is a unique exception (Figure 1b) .
QRT-PCR and Northern Blot Analyses Confirmed miRNA Arrays In Silico Data
We further validated our data by using QRT-PCR and Northern blot analyses. We first investigated the nine selected miRNAs using frozen specimens from the first test group, which were profiled as described above, by using QRT-PCR analysis. Five miRNAs (miR-96, -182, -183, -196a and -200a) appear increased in expression by comparing primary tumors to both mesentery and liver metastases. However, only four out of five (miR-96, -182, -183 and -196a) are significantly upregulated, whereas four (miR-31, -129-5p, -133a and -215) are significantly downregulated (Figures 2a and b) . In addition, we detected variation of the evaluated miRNAs in the small intestinal neuroendocrine tumors by using Northern blot analyses (Figure 3a) with quantification of expression ratios in Figure 3b . Indeed, miR-182 increases from the primary tumor stage to mesentery metastasis stage, peaking at the liver metastasis stage precisely following the tumor progression stages. MiR-183 expression increases at the liver metastasis stage and does not differ between the primary tumors and mesentery metastasis stages. MiR-31 and -133a expression is clearly downregulated both at the mesentery and liver metastasis stages compared with primary tumors. 
QRT-PCR Analyses on Immuno-Microdissected Normal Enterochromaffin Cells and Microdissected Small Intestinal Neuroendocrine Tumor Cells Confirm Expression Variation of the Nine Selected miRNAs Between Normal Cells and Tumor Cells
We conducted QRT-PCR on total RNA, from immunomicrodissected normal enterochromaffin cells and 
QRT-PCR Analysis on the Second Test Group Confirmed the Results of the First Test Group Analysis on the Nine Selected miRNAs
We conducted a second independent QRT-PCR analysis on total RNA by using the second test group. Thus, we included immuno-microdissected normal enterochromaffin cells and microdissected small intestinal neuroendocrine tumor cells, from three primary tumors, three mesentery metastases and three liver metastases. The results are in agreement with that described previously and as also shown in Figures 4a and b . Indeed, miR-96, -182, -183, -196a and -200a are significantly upregulated in the second screening, which is shown in Figure 5a , whereas miR-31, -129-5p, -133a and -215 are significantly downregulated, which is shown in Figure 5b . The analogous results do not require any further explanation as they can be easily extrapolated looking at Figures 4a and b according to our opinion.
Expression Variation Significance of Nine miRNAs on Laser Capture Microdissected Stromal Cells Versus Laser Capture Microdissected Primary Tumor Cells
We analyzed whether the variation of miRNAs, expressed in microdissected stromal cells versus microdissected primary tumor cells, was statistically significant. This is a pivotal investigation as it is of major scientific importance in the evaluation whether the miRNAs are more highly expressed in microdissected enriched tumor cells than in the microdissected enriched adjacent stromal cells. The results show that the variation of all five upregulated miRNAs was significantly higher in microdissected tumor cells compared with microdissected stromal cells (Po0.05), whereas only the results of two out of four downregulated miRNAs are statistically significant in microdissected tumor cells versus stromal cells (Po0.05). These results sharpen the significance of miRNA expression in tumor cells versus stromal cells (data not shown).
Putative Target Genes and their Potential Functions
We used several online software programs to investigate the prediction of the target genes, such as DIANA LAB, PicTar, miRDB and TargetScan. We took into consideration genes, which have been previously indentified, as differentially expressed between small intestinal neuroendocrine tumor cells and normal enterochromaffin cells. 12 The match between miRNA sequences and mRNAs generated a list of potential target genes and the potential gene function has been considered. The results of this investigation are summarized in Supplementary  Tables 2 and 3 .
Discussion
MiRNAs are small RNAs, which regulate gene expression at post-transcriptional level. They are virtually involved in all the physiological processes, such as development, differentiation, heart function, metabolism, hemostasis and apoptosis. During the past 20 years numerous studies collected sufficient evidence to suggest that miRNAs are involved in a range of diseases, including cardiovascular disorders and cancer. Evidences have been reported about aberrant miRNA expression levels in Figure 3 Northern blot analysis validated miR-31, -133a, -182 and -183 expression. Total RNA was isolated from frozen welldifferentiated small intestinal neuroendocrine tumor specimens, which were primary tumor (P), mesentery metastasis (M) and liver metastasis (L). (a) Specific 32 P-labeled probes were hybridized to total RNA. (b) The fold changes were calculated as the ratio of mesentery metastasis versus primary tumor and liver metastasis versus primary tumor. RNU48 was used as an internal control to standardize the calculation of fold change. tissues and in sera from patients with different forms of malignant tumors. 28, 29 We investigated miRNA expression in well-differentiated small intestinal neuroendocrine tumors and our main goal was to provide a list of differentially expressed miRNAs as a source of novel potential biomarkers. Although most types of human cancers have been miRNA profiled, 13, 17 miRNA expression in small intestinal neuroendocrine tumors has been not evaluated clearly. 22 Thus, we used two different strategies of investigation to achieve this goal. The first one aimed at investigating potential differences in miRNA expression between primary tumors, and mesenteric and liver metastases, which may have an impact on tumor progression by using global miRNA array analysis, whereas the second goal aimed at identifying miRNAs, which showed relatively specific expression in immuno-laser capture microdissected normal enterochromaffin cells and laser capture microdissected small intestinal neuroendocrine tumor cells at different stages of disease.
Although we started with raw data coming from a global analysis, we filtered the number of significant miRNAs, which are differentially expressed in primary tumors versus mesentery and liver metastases, down to 33 for further analysis. Moreover, an advanced bioinformatics clustering approach has shown that 33 differentially expressed miRNAs clustered in a specific manner according to different stages of disease. Indeed, 5 primary tumors cluster together, whereas 9 out of 10 metastatic miRNAs cluster in an independent manner. MiRNAs clustering supports our previously published data, 12 which has underlined the limited variation in gene expression between mesentery metastases versus liver metastases. These main findings show miRNAs' capacity to classify the stage of small intestinal neuroendocrine tumors.
The selection of 33 miRNAs took into consideration the expression levels in tumor materials versus normal enterochromaffin cells, as well as the potential biological functions correlated to cell growth, apoptosis, differentiation and signal transduction. We paid major attention to the G-protein-coupled receptors (GPCRs) signaling transducer, underlining the importance of these receptors in endocrine and neuroendocrine cells [30] [31] [32] [33] in terms of signaltransduction mechanisms. We have previously investigated GPCRs, such as the olfactory receptor 51 E1 (OR51E1), which has been reported as a potential novel carcinoma marker of small intestinal neuroendocrine tumors, as its restriction in terms of mRNA expression in normal enterochromaffin cell and tumor cells compared with a variety of different normal tissues. 12 Moreover, we have presented unpublished novel data on OR51E1 as a potential novel tissue biomarker for the diagnosis and prognosis of small intestinal neuroendocrine tumors. 34, 35 These novel findings address the potential importance of OR51E1 in small intestinal neuroendocrine tumors for further therapeutic strategies.
Furthermore, we focused on miRNAs, which were not previously associated to small intestinal neuroendocrine tumors to identify potential novel biomarkers. We then critically compared our results with previously published data by the RV Lloyd group, 22 which are of outmost importance to compare our first global miRNA array expression analysis. We also realized that the selected group of miRNAs was distinct from the findings of different groups. [36] [37] [38] A well-designed investigation triggered the most important findings of this study. First, the global miRNA profiling of small intestinal neuroendocrine tumors, then the validation of the filtered and selected miRNAs on tissue blocks, previously used for the profiling, followed by the miRNA expression of the selected miRNAs on immune laser capture microdissected normal enterochromaffin cells and laser capture microdissected small intestinal neuroendocrine tumor cells at different stages of disease, by using two independent test groups to extract microdissected cells. Moreover, we increased the reliability of the final results of this novel study introducing nine different miRNAs. The analysis of the selected miRNAs, following the Gene Ontology potential information, has been moving from tissue specimens to microdissected normal and tumor cells to exclude contaminant cells in the significance of differentially upregulated five miRNAs (miR-96, -182, -183, -196a and -200a) at different stages of disease and four (miR-31, -129-5p, -133a and -215) downregulated miRNAs. Indeed, it is of outmost importance to underline that these results were in full agreement by using two different test groups' analyses. Moreover, we have shown the large variation in terms of miRNA expression between the microdissected primary tumor cells and the microdissected adjacent stromal cells.
Several analyses show that cancer networks are connected by miRNAs and the rationale for targeting miRNAs relies on two previous major findings. First, miRNA expression is deregulated in cancer cells compared with normal cells and the second one is that miRNA-based therapeutic approaches can be used to target specific protein expression. 13 The ongoing research aims at screening established human neuroendocrine tumor cell lines, such as CNDT2.5 and KRJ-1, which are small intestinal neuroendocrine tumor cellular models, QGP-1 for pancreatic endocrine tumors and NCI-H720 and NCI-H727 for lung carcinoids to unveil miRNA targets effects on cell biology, that is, mRNA downregulation and target protein levels alteration. In conclusion, five miRNAs are significantly upregulated (miR-96, -182, -183, -196a and -200a), whereas four are significantly downregulated (miR-31, -129-5p, -133a and -215) during tumor progression. In addition, our results are in full agreement with data published previously. 22 Nevertheless, we report here for the first time the variation of miR-31, -96, 129-5p, -182, -196a, -200a and -215 expressions in human small intestinal neuroendocrine tumors. In addition, the statistical significance of our results is undeniable and thus the selected miRNAs may be potentially developed either as prognostic or therapeutic targets in our opinion. Overall, miRNAs represent an important class of small RNAs with a huge impact on health and disease.
Future studies will further illuminate the potential value of miRNAs in diagnostics and therapeutics. Indeed, the future final goals are mRNA targets' identification and miRNAs' development as novel serum/plasma markers 39 to create less invasive tests to monitor small intestinal neuroendocrine tumors. Although further experimental investigations are mandatory to achieve mRNA target recognition and blood test assay development, our study offers a new potential window to understand the role of specifically deregulated miRNAs in small intestinal neuroendocrine tumors at different stages of the disease at the best and potentially develop them as novel small intestinal neuroendocrine tumors' clinical biomarkers. In conclusion, miRNAs may be used as biomarkers for small intestinal neuroendocrine tumors as they are valuable diagnostic tools.
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